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Schistosomiasis is a parasitic disease caused by infection with the helminth Schistosoma spp. (7) . Two hundred million people are currently infected worldwide, primarily in the equatorial areas (19) . Eggs laid by Schistosoma mansoni adult females in the mesenteric veins pass through the intestinal wall and then exit the host through the feces, or they are swept into the liver and trapped in the sinusoids, where they induce granulomatous lesions (19) . The granulomas protect the liver from hepatotoxins produced by the schistosome eggs (16) ; however, the accumulation of fibrotic tissue also obstructs blood flow through the liver, resulting in portal hypertension, extended periportal fibrosis, and portal shunting (9, 19) .
The schistosome eggs induce a strong Th2-dominated immune response (28) , and this response has been shown to be both protective and pathogenic (8, 13) . Interleukin-4 (IL-4) plays an important role in preventing oxidative damage to the liver mediated by the overproduction of reactive oxygen and nitrogen species (39) , and mice with an IL-4 deficiency have a fatal acute disease (8) . Another Th2 cytokine, IL-13, mediates the fibrotic process (21) , and expression of its decoy receptor, IL-13R2␣, has been shown to be essential in the resolution of fibrosis (13) . These results emphasize the conclusion that a finely balanced response is a key aspect of surviving schistosome-mediated liver inflammation and minimizing the effect of tissue remodeling on normal liver processes.
The impact of schistosomiasis on liver function has been studied using targeted approaches to determine the effect on specific liver-derived proteins and enzymes. Such studies have shown that schistosomiasis alters the expression of enzymes involved in the urea cycle, glycolysis, energy metabolism, and other essential metabolic processes (1, 17, 41) , and the alterations have some similarities with other liver-damaging insults (i.e., liver cancer and hepatotoxicity) (22, 66) . However, it is clear that some changes may be unique to schistosomiasis. To more fully explore the global impact of schistosomiasis on liver protein expression and to gain insight into the pathogenesis of schistosome-mediated liver damage, we used a proteomic approach to identify the major changes in protein abundance that occurred during schistosome infection.
three times in double-distilled water, and then immersed in a solution containing 0.075% (wt/vol) Coomassie brilliant blue G-250 in 17% (wt/vol) ammonium sulfate, 2% (vol/vol) ortho-phosphoric acid, and 34% (vol/vol) methanol with gentle agitation for 4 days to achieve staining to equilibrium.
Gels were scanned using a Molecular Dynamics (Sunnyvale, CA) SI personal densitometer, and protein spot abundance was analyzed using the ImageQuant gel analysis software (version 5.2; Molecular Dynamics). Spots were manually detected on triplicate gels, and background values were subtracted from spot values before normalization; these values gave the average spot volumes for individual animals. The average percent volume of each spot was then calculated for all animals in a group (uninfected or infected), and these values were used to calculate the fold change due to schistosome infection (percent spot volume in infected samples/average percent spot volume in uninfected samples).
MALDI-TOF mass spectrometry and protein identification. Protein spots for matrix-assisted laser desorption ionization-time of flight (MALDI-TOF) analysis were prepared as described previously (36) . Excised gel spots (approximately 1 to 2 mm 3 ) were destained for 45 min in 100 l of 50% (vol/vol) acetonitrile (ACN)-50 mM NH 4 HCO 3 and then dehydrated with two washes in 100% ACN and dried by vacuum centrifugation. Dried gel pieces were then reswollen in 12 l digestion buffer containing 50 mM NH 4 HCO 3 and 0.2 g trypsin (modified sequencing grade; Roche, Mannheim, Germany) and incubated overnight at 37°C.
Enzyme activity was then quenched with 0.2% trifluoroacetic acid (TFA) (Perkin-Elmer DNA synthesis grade); the aqueous extract was collected and added to successive extracts of the gel pieces with 10 l of 50% (vol/vol) ACN-0.2% TFA and then with 10 l ACN. Lyophilized extracts were dissolved in 10 l of 0.2% TFA and then concentrated and partially purified using C 18 Ziptips (Millipore, Bedford, MA) according to the manufacturer's instructions (using 0.2% TFA). Purified peptides were then mixed 1:1 with a saturated solution of ␣-cyano-4-hydroxycinnamic acid prepared in 0.2% TFA-ACN (40:60).
MALDI-TOF mass fingerprint spectra were acquired using an Voyager-DE PRO mass spectrometer (Applied Biosystems, Foster City, CA). Spectra were acquired in the positive ion reflector mode with an accelerating voltage of 20,000 V, a grid voltage of 75%, a guide wire voltage of 0.002%, and a 180-ns delay time. Monoisotopic masses were calculated after internal calibration with autolytic tryptic peaks. Peptide mass fingerprints were searched using ProFound (version 4.10.5; http://prowl.rockefeller.edu/profound_bin/WebProfound.exe) and/or XProteo (version 1.2.2; http://xproteo.com:2698/) algorithms using protonated monoisotopic masses, with one missed trypsin cleavage, complete modification of cysteine by carboxyamidation, and partial modification of methionine by oxidation in the search settings to search the NCBI database. The criteria for a match included the number of peptides matched, the sequence coverage, the use of Z scores in ProFound (sensitivity scores in XProteo), and the difference in probability between first and second matches. The Z score in a ProFound search is a measure of the probability of the match in a database search. Z scores of 1.28, 1.65, and 2.33 indicate that the searches are in the 90th, 95th, and 99th percentiles, respectively (http://prowl.rockefeller.edu/profound/help.html#ZSCORE).
Statistical analysis. Data were analyzed using unpaired Student's t test with all replicate gels and animals per group.
RESULTS AND DISCUSSION
Changes in liver protein expression in female C57BL/6 mice were examined 8 weeks after infection with S. mansoni. All infected mice had enlarged, fibrotic livers containing visible granulomatous lesions, as expected. Liver lysates were separated by two-dimensional electrophoresis ( Fig. 1 and 2) , and proteins that were consistently more or less abundant in schistosome-infected livers were then selected for mass fingerprint analysis. A total of 211 medium-to high-abundance protein spots were analyzed quantitatively for each sample. Of these, 83 were subjected to MALDI-TOF analysis, and 81 were successfully matched to sequence databases. The results are shown in Table 1 (also see Tables S1 and S2 in the supplemental material). Twenty-nine of the 81 protein spots were matched for both infected and uninfected liver samples (see Tables S1 and S2 in the supplemental material). Particular emphasis was placed on determining whether the spots were parasite or host derived through comparative matching to known schistosome and mouse proteins; however, none of the selected spots were matched to known schistosome proteins. This finding is not surprising as only high-to medium-abundance proteins were selected for analysis and parasite-derived proteins were unlikely to comprise more than 1% of the soluble proteins in our samples. Finally, many of the matched spots had molecular weights and pIs comparable to those of previously identified spots from mouse liver protein lysates (SwissPro 2D) (53) , providing further support for their identification (see Tables S1 and S2 in the supplemental material).
To better understand the impact of schistosome infection on the liver, the matched proteins were classified based on their functions (Table 1) , and the overall changes in expression of the proteins in the functional groups were compared (Fig. 3) . These analyses revealed that by 8 weeks postinfection schistosomiasis caused a Ͼ5-fold decrease in the expression of enzymes associated with the citric acid cycle, fatty acid cycle, and urea cycle and a 4.4-fold decrease in the expression of enzymes associated with amino acid metabolism and catabolism (Fig. 3) . These findings are supported by the results of previous studies that showed that there were significant decreases in carbamoyl phosphate synthetase and ornithine carbamoyltrasferase activities in the livers of schistosome-infected mice (65) . In contrast to our studies, where the expression of malic enzyme was decreased 15-fold by infection, Fahim et al. reported an increase in malic enzyme activity in the plasma of schistosomeinfected hamsters (20) . However, no difference was found in the electrophoretic pattern (20) . A recent metabolomic study of urine samples from mice infected for 7 to 8 weeks revealed that infection resulted in disturbance of carbohydrate metabolism, amino acid metabolism, and the tricarboxylic acid cycle (69) , and these findings supported our results indicating that multiple functional pathways in the liver are impaired during schistosomiasis.
In another recent study workers used microarray analysis to understand how polarizing the immune response during schistosome infection affected gene expression in the liver (34) . However, while some comparisons are shown in Table 1 , relatively few direct comparisons could be made as the focus of the study of Hoffmann et al. was on the immune response and downstream effects, whereas in this study we concentrated on the medium-to high-abundance proteins and the impact on liver function. One additional issue affecting comparisons of the microarray and proteomics data is the lack of correlation between transcript abundance and protein abundance due to the effects of posttranslational modification that generates protein complexity that is not detected at the RNA level (27) . We therefore did not expect the microarray results to show potential changes in protein modifications, such as the changes possible for arginase 1 protein spots 72 and 73, whose expression decreased and increased, respectively, in schistosome-infected livers. While in this instance these two analytical tools may not be directly comparable, as more data are collected by these methods, they will certainly prove to be complementary.
The greatest increases in expression based on functional groups were the increases in expression of proteins associated with structural components, protein synthesis, the stress response, or the endoplasmic reticulum. The increased abundance of structural components is consistent with the deposition of fibrosis molecules induced by the schistosome eggs. Four hundred micrograms of protein was loaded on pH 4 to 7 IPG strips, separated by molecular weight on a 12% polyacrylamide gel, and visualized with Coomassie blue G250. Molecular masses (in kDa) are indicated on the right. The circled spots are described in Many studies have demonstrated that there are increases in deposition of procollagens I, III, and IV and collagen isoforms I and III to VI (49, 54, 56, 71, 74) , and these increases in collagen deposition have been shown to be positively regulated by IL-13 (12) and negatively regulated by gamma interferon (15) . In addition to increased procollagen VI deposition, our study also showed that the expression of other cytoskeletal components (i.e., vimentin, keratin, and actin) was significantly increased. ␤-Actin expression has previously been shown to be elevated during schistosomiasis (3, 54, 71) ; however, this study is the first study to show that the pattern of expression for different actin isoforms or modified actin proteins is altered during infection, with changes ranging from a 5-fold reduction to a 20-fold increase. The significance of this altered expression pattern is unknown, but the changes may be due to alterations in the cellular composition in the liver or protein phosphorylation during schistosomiasis. Interestingly, higher levels of autoantibodies to the intermediate filaments, vimentin and keratin, have been detected in patients with S. mansoni infections (6). As our study showed that there was substantially increased abundance of multiple isoforms of these proteins (14-to 18-fold), it is possible that immunorecognition of specific isoforms is a unique marker of schistosome infection.
Another group of proteins which were markedly more abundant in the livers of infected animals was the stress or endoplasmic reticulum proteins. This group contained heat shock proteins (e.g., Hsp60), chaperones (e.g., chaperonin), and protein-modifying or folding enzymes (e.g., protein disulfide isomerase). The increased abundance may have reflected either an increase in protein synthesis in general or enhanced activity in the misfolded protein pathway due to increased oxidative or cellular stress. This is a novel finding as there have been no previous analyses of the effects of schistosomiasis on proteins associated with these cellular functions.
Two proteins in this group are of particular interest, reticulocalbin 3 and Hsp70. Reticulocalbin is remarkable in that its level increased 26-fold during infection. Hoffmann et al. also reported upregulation of a reticulocalbin-like precursor (34) . Reticulocalbin, a member of the CREC family, is a Ca 2ϩ -binding protein which has multiple EF-hand motifs (35) . While the exact function of reticulcalbin is unknown, it is believed to be essential for protein processing (35) , and the Small eye Harwell mutation, believed to be a deletion of the reticulocalbin gene, leads to early lethality (37) . Moreover, overexpression of reticulocalbin has been linked to the invasiveness of breast cancer cell lines, yet downregulation of reticulocalbin appears to correlate with the acquisition of drug resistance in non-small-cell lung cancer (32) . Together, these findings show that reticulocalbin is centrally involved in normal cellular function and that its expression is significantly and distinctly altered in various pathogenic states, including schistosomiasis.
In contrast to reticulocalbin, there was only a modest total increase (2.75-fold) in the abundance of Hsp70 during schis- tosome infection based on the total spot volume of spots 4 to 6 (2.64 and 7.26 for normal and schistosome-infected mice, respectively). However, a distinct change in the pattern of isoforms of Hsp70 expressed during infection was observed, as there appeared to be a complete loss of expression of the most acidic form in infected livers (spot 4) (Fig. 1) . Moreover, the expression of two other basic forms (spots 5 and 6) ( Fig. 1) was elevated concurrently. Currently, we cannot distinguish between differences among Hsp forms due to differences in posttranslational modification or differences in gene expression, although a tandem mass spectrometry analysis might provide further structure-based evidence. These changes in Hsp forms may provide insight into the impact of schistosomiasis on the liver because, previously, the expression of Hsp70 isoforms with different pIs was shown to be altered after heat shock of rat myocardium and the accumulation of these different isoforms was linked to the time after physiological insult (73) . Additionally in chondrocytes, Hsp70 appears to be involved in the molecular chaperoning of collagen molecules (24) . Our results showed that there was a distinct increase in the abun- dance of Hsp70, which may have been due to its role in collagen processing, but whether the alteration in pI dictated an alteration in function or was a result of changes in cellular composition of the liver is unclear.
The functional group with the widest range of abundance was the immune-related proteins, whose abundance ranged from undetectable to an 18-fold increase during infection. This group contained the proteins galectin-1, arginase-1, and peroxiredoxin-1. Galectin-1 is a galactose-binding protein whose expression increases 18-fold during schistosomiasis. It has been shown to have immunomodulatory effects, to induce Fas-independent T-cell apoptosis, to protect animals from concanavalin-induced hepatitis, and to promote tissue fibrosis (23, 55, 62) . Recent work has also shown that another galectin family member, galectin-3, binds to soluble schistosome egg antigens and thereby mediates recognition of these antigens by macrophages (67) . The substantial increase in galectin-1 abundance during schistosomiasis supports the hypothesis that this protein is involved in parasite recognition and suggests that it may play a role in regulating the schistosome-induced immune response and subsequent effects on liver pathology and fibrosis.
Peroxiredoxin-1 is an antioxidant enzyme whose expression is upregulated during oxidative stress in the liver (57), and it has been shown play a role in suppressing cancer development (44) . This enzyme can become "overoxidized" and thus inactivated in certain disease states, and this oxidation can be detected by a change in pI (10) . We found two protein spots that matched peroxiredoxin-1, spots 50 ( Fig. 1) and 78 (Fig. 2) . Spot 50 had an experimental pI of approximately 6.3 (well below the theoretical pI, 8.6), and thus, this alteration raises the possibility that this spot, whose expression increased 15-fold during schistosomiasis, is indicative of an oxidized, phosphorylated, or otherwise altered form of peroxiredoxin. Therefore, although peroxiredoxin-1 is upregulated during several liver diseases (44, 57) , the presence of the more acidic isoform may be unique to schistosomiasis and result in a reduced or modified function of the enzyme.
Finally, arginase-1 is an essential enzyme in the urea cycle and is important in regulating NO production by controlling the availability of arginine, the substrate for nitric oxide synthase (43) . Arginase-1 is normally expressed by hepatocytes, but it is also expressed by alternatively activated macrophages (i.e., macrophages exposed to IL-4 or helminth products) (43) . Our results indicate that the overall abundance of arginase-1 protein in schistosome-infected livers was similar to that in normal livers (the total spot density was 4.29, compared with 3.75 in uninfected livers), and this finding is consistent with the finding of previous studies, in which workers assayed the total enzymatic activity in the liver and found no difference between infected and uninfected mice (31) . However, while we found no difference in the total abundance of arginase-1, there were significant differences in the forms that were expressed, as shown by the three arginase-1-identified spots (spots 71 to 73) (Table 1 ). Other studies have indicated that this enzyme is upregulated in macrophages during schistosome infection (31) , and the increased expression occurs in the granuloma and not the liver parenchyma (31) . Therefore, it is possible that the three arginase-1 spots represent transcriptional variants or posttranslational modifications that are expressed in different cell types or under different environmental conditions and that the preferential expression of one of these forms may be indicative of a distinct liver pathology. Because in previous nonproteomic approaches workers have primarily assessed total enzyme activity or abundance, they may have overlooked this potentially important distinction.
In addition to altered expression during schistosome infection, many of the identified proteins are also differentially expressed during hepatic cancer or other liver diseases or during exposure to toxins. The associations between cancer and liver disease or toxicity are summarized in Table 1 . From the data it is clear that many of the effects on liver protein abundance may be due to a generalized response to liver injury and not necessarily schistosome-specific changes. However, some proteins or protein expression patterns appear to be unique to schistosomiasis (calreticulin, protein disulfide isomerase, peptidylprolyl isomerase, peroxiredoxin-1, arginase-1, and ␤-and ␥-actins). In addition, it is interesting that several proteins which are used as diagnostic markers for hepatic cancers are also strongly associated with schistosome infection (F0F1-ATP synthase, nucleoside diphosphate kinase B, glutathione S-transferase Pi class, and actin A x ). Although more suggestive than conclusive, given the connection between Schistosoma haematobium infection and bladder cancer, these results support the hypothesis that the early processes in hepatic cancer development and schistosome-induced liver disease may have similar pathways and/or responses.
Taken together, the results of our study indicate that by 8 weeks postinfection, distinct and unique alterations in protein expression are apparent in the livers of infected mice. These alterations include reductions in the expression of proteins associated with the citric acid cycle, the fatty acid cycle, the urea cycle, and amino acid metabolism, increases in the levels of stress and structural components, and several unique changes in the pattern of isoforms expressed for Hsp70, actin, peroxiredoxin-1, and arginase-1. These results suggest that in the acute stage of infection, liver function may be subsequently impaired by these changes. Additionally, our study revealed several distinct and unique changes specific for schistosomiasis that may be valuable as potential biomarkers or may be useful in understanding the pathology of schistosome-mediated liver damage and its contributions to the more subtle morbidity observed in patients with gastrointestinal schistosomiasis.
